A number of techniques aimed at developing optical wave guided devices have been reported, including reactive ion etching, ultraviolet bleaching, laser writing, poling induced writing, molding/embossing, and metal definition in both passive and active polymers.
1, 2 Recently, based on these fabrication techniques, there have been extensive efforts to produce organic passive and active ͓electro-optic ͑EO͔͒ photonic devices, including optical modulators/couplers, ring resonators, digital optical switches, and variable optical attenuators. [3] [4] [5] One of the major reasons to use polymer materials in photonic systems is their exceptional processability 6 that permits the fabrication of threedimensional optical circuitry, the integration of organic materials with silicon photonics, and with semiconductor verylarge-scale integration electronics by the combination of device concepts and the fabrication techniques mentioned above.
Yamamoto et al. 7 proposed that an optical waveguide structure of Al 2 O 3 core/SiO 2 cladding/Si substrate can be a metal film as a partial cladding layer ͑the so-called metalclad optical strip line͒. Later, Shelton et al. 8 investigated metallic gap optical waveguides in GaAs, and Ma and Liu 9 analyzed the optical characteristics of a waveguide structure of SiO 2 / GaAs/ AlGaAs using a simplified effective index method while introducing the term metal-gap optical stripline waveguide. Peng and Oliner 10 also analyzed the similar structure using a rigorous mode-matching procedure in which the term "optical slot waveguide" was introduced.
At optical frequencies, the dielectric constant of a metal is complex = Ј + iЉ, and the propagation constant ␤ of a metal-clad dielectric waveguide is also complex, ␤ = ␤Ј+ i␤Љ, where and ␤ are real for dielectric waveguides. This is the main difference between metal-associated dielectric waveguides and dielectric waveguides. 11 In order to solve the complex eigenvalue equations in the proposed waveguide structure, a simplified approximate technique using the effective index method was utilized. The index of refraction and propagation loss of the propagation modes of the waveguide were evaluated based on the effective index method and simulation software based on the finite element method.
A schematic cross-sectional view of the proposed dielectric waveguide is shown in Fig. 1 . The optical waveguide employs three polymer layers, in which two metallic thin films are placed with a separation a between the two metal strips. We designed the metal-slotted optical waveguides ͑MSOW͒ in two ways: ͑1͒ MSOW-A has two separated thin 4 m wide metal strip lines ͓Fig. 1͑a͔͒ and ͑2͒ MSOW-B has two infinite metal plates ͓Fig. 1͑b͔͒. The metal separation a between two the metal films is 4 m in both waveguide structures.
The guest material, 12 AJL8, is doped in a host material, amorphous polycarbonate ͑APC͒ ͑Aldrich Chemical Co.͒. Recent research reveals that this chromophore has strong nonlinear properties with thermal and photostability. 13 The confinement of the field in the vertical direction of both waveguide structures is achieved by the layered dielectrics with the core material having higher permittivity than that of the cladding. For the horizontal direction, the field confinement can be understood by studying the difference between the effective permittivities of the center and outer regions. An approximate solution for the MSOW can be found using the effective index method. According to the a͒ Electronic mail: kimsku@ee.ucla.edu effective index method, 14 we convert a two-dimensional problem into a one-dimensional problem. Therefore, the MSOW was stretched out along the vertical axis, forming two types of regions, namely, the normal slab waveguide and the metal-clad region. The normal slab waveguide and metalclad regions consist of three layer ͑clad/core/clad͒ and a four layer ͑clad/core/metal/clad͒ structures, respectively. The two one-dimensional slab waveguides can be analyzed in terms of the transverse electric ͑TE͒ polarization or the transverse magnetic ͑TM͒ polarization modes to find the allowed value of the propagation constant ␤ in each region. Once ␤ is found, the effective index of the slab is determined through N 1 = ␤ / k 0 in the normal slab waveguide and N 2 = ␤ / k 0 in the metal-clad region, where k 0 is the vacuum wave number of the light being guided. Then the effective index of the whole structure may be determined by solving for the equivalent horizontal slab structure. The dispersion equations 9, 15, 16 for the proposed MSOW structure is given by
for the TM polarization, where N is the effective index of the mode with the mode number m =0,1,2,3,..., E 1 = N 1 2 with N 1 the real effective index of the mode of the slab waveguide ͑the normal slab waveguide region͒ and E 2 = N 2 2 with N 2 the effective index of the mode of the slab waveguide with the metal layer. The parameter a is the gap between the two metal films and k 0 ͑=2 / ͒ is the wave number in free space. Figure 2 depicts the effective index of the MSOW versus the thickness of the core layer. The number of guided modes increases as the core layer thickness increases. The cutoff of the fundamental mode is about 0.75 m at a 1.55 m wavelength.
In order to confirm the guided mode confinement of the single propagating mode, the Helmholtz equation is solved by finite element method ͑commercial software, FEMLAB͒ with complex permittivity for certain parts of the structure. The obtained TM mode distributions in MSOW-A are shown in Fig. 3 with two different choices of metal thickness. The permittivity of the gold layer used in this simulation is −131.94− j12.65. 17 The spacing between the gold layers is 4 m for both MSOW-A and MSOW-B. For MSOW-A ͓shown in Fig 1͑a͔͒, Figure 4 shows observed near-field patterns, when TM polarized light at 1550 nm was launched into the waveguides. The experimental results were in good agreement with the simulated optical power distribution, as shown in Fig. 3 . The fabricated waveguides in both MSOW-A and MSOW-B ͑not shown in Fig. 3͒ support only a single mode at a 1550 nm, and their optical modes were well confined in the lateral direction and within the core layer. guide gap between the two metal slots was 42 m, and the width of the thin metal film was 4 m for MSOW-B with a 150 Å gold thin film. A 500 Å Au thin layer drive electrode was defined on top of the upper cladding. A square-wave with a peak current of 100 mA with a maximum frequency of 167 Hz from a Keithley 220 programable current source was sent to the electrode and monitored optical output signal using an oscilloscope. The fiber-to-lens loss was measured to be 13ϳ 18 dB for TM polarization. The total device length was 1.8 cm. Waveguide structures with wider gaps tend to show lower optical propagation loss. Figure 6 shows the modulation curve of an active EO phase modulator that was made using MSOW-B with a 150 Å gold thin film. The total device length was 5 mm and electrode poled at 150°C of temperature with 400 V of poling voltage in a nitrogen purged box. The fiber-to-lens optical loss was measured to be 25 dB in 2.5 mm for TM polarization. The driving voltage was more than 30 V in a 2.5 mm length due to short interaction length.
The optical propagation loss was strongly dependent on the gap and thickness of the metal. The main source of the optical loss in the MSOW is the optical absorption by the thin layer of gold. We believe that the MSOW could exhibit an improved optical propagation loss with a wider metal gap and lower metal thickness. The dominant guiding mode excited in the MSOW was the TE polarization mode and there was a poling induced birefringence in the MSOW due to the preferential alignment of the core chromophore along the planar surface of the wafer. The indices of refraction of the unpoled device were measured to be 1.589 and 1.575 for TE and TM polarizations, respectively. After device poling, the refractive index increases to 1.598 for the TM polarization and decreases to 1.581 for the TE polarization. There was a strong poling induced birefringence for both polarizations.
In this letter, the concept of MSOW in polymers was demonstrated, and its applications for a VOA and an optical phase modulator were discussed. The MSOW could be an alternative way to define an optical waveguide in polymerintegrated optics when the guided waveguide structure parameters such as the metal thickness, the distance between the metal plates, and the waveguide core layer thickness are optimized.
